In order to determine the composition of the dust in the circumstellar envelopes of oxygen-rich asymptotic giant branch (AGB) stars we have computed a grid of modust radiative-transfer models for a range of dust compositions, mass-loss rates, dust shell inner radii and stellar parameters. We compare the resulting colours with the observed oxygen-rich AGB stars from the SAGE-Spec Large Magellanic Cloud (LMC) sample, finding good overall agreement for stars with a mid-infrared excess. We use these models to fit a sample of 37 O-rich AGB stars in the LMC with optically thin circumstellar envelopes, for which 5-35-µm Spitzer infrared spectrograph (IRS) spectra and broadband photometry from the optical to the mid-infrared are available. From the modelling, we find mass-loss rates in the range ∼ 8 × 10 −8 to 5 × 10 −6 M yr −1 , and we show that a grain mixture consisting primarily of amorphous silicates, with contributions from amorphous alumina and metallic iron provides a good fit to the observed spectra. Furthermore, we show from dust models that the AKARI 
INTRODUCTION
Stars on the asymptotic giant branch (AGB) lose a significant fraction of their matter through slow dense winds at rates of 10 −10 to 10 −4 M yr −1 (Bowen & Willson 1991) . During this phase of evolution the effective stellar temperature is low enough for molecules to form and dust grains to condense in the circumstellar outflow. In general, dust formation occurs in stages known as the 'dust condensation sequence', and depends on the physical conditions in the envelope (Tielens 1990; Gail & Sedlmayr 1999; Gail 2010) . The mineralogy of the dust is dominated by the chemistry of the envelope (which is set by a star's photospheric C/O atomic ratio and initial elemental abundance), and by the envelope's temperature and density (which determines which condensation products are stable).
Although not understood in detail, the thermodynamic condensation sequence for oxygen-rich outflows (C/O < 1) E-mail:ojones@jb.man.ac.uk predicts that refractory oxides such as alumina (Al2O3) would be the first astrophysically significant species to form. These grains can exist relatively close to the star (T cond ∼ 1400 K at pressures relevant to stellar outflows) and may act as seed nuclei for other grains (e.g. Onaka et al. 1989; Stencel et al. 1990; Sogawa & Kozasa 1999) . At larger radii, where the temperature is lower (T ∼ 1000 K) silicate grains form.
It is well established that the dust in oxygen-rich outflows consists mainly of silicates (Woolf & Ney 1969; Hackwell 1972; Treffers & Cohen 1974) . However, alumina dust has been detected in the spectra of some low mass-loss rate (Ṁ ) O-rich AGB stars in the Milky Way (Onaka et al. 1989; Speck et al. 2000; Dijkstra et al. 2005) . These stars show a broad low-contrast emission feature in the 7 -14 µm region which is best fit with a blend of amorphous alumina and amorphous silicates. As the star evolves along the AGB the shape and peak position of this feature changes; silicate dust becomes more important and dominates the 10-µm emission (Little-Marenin & Little 1990; Sloan & Price 1995) . At high mass-loss rates the 10-µm feature is only due to silicates. This sequence has been quantified by Sloan & Price (1995 using flux ratios in the 9-12 µm region.
The Spitzer Space Telescope has taken spectra of a large number of individual evolved stars in the Large and Small Magellanic Clouds, covering a wide range of colours and magnitudes . Although the mineralogy of the oxygen-rich AGB stars in the Magellanic Clouds is dominated by amorphous silicates both at low and high mass loss rates (Sargent et al. 2010; Riebel et al. 2012 ) some sources also contain a small fraction of crystalline silicates (Jones et al. 2012) . There is an apparent absence of Al2O3 in the Spitzer spectra of O-AGB stars in the Magellanic Clouds (Sloan et al. 2008) , with the 10-µm feature of low density (lowṀ ) winds better reproduced by amorphous silicate grains than the expected mixture of Al2O3 and silicates. This implies that either alumina dust is depleted in the LMC or that observational biases hinder its detection. However, an extensive systematic study into the Al2O3 content of evolved stars in the LMC has not yet been carried out.
In this study we evaluate the alumina content of oxygenrich AGB stars in the Magellanic Clouds, by creating a grid of radiative transfer models that explores a range of physical parameters relevant to evolved stars. In Section 2, we describe how the radiative transfer models for the circumstellar dust shell were computed. Colour-colour diagrams of the grid of models are presented in Section 3 and will be used to study the alumina dust in a sample of O-rich AGB stars in the Magellanic Clouds in Section 4. Finally, we discuss our results in Section 5 and summarise this study in Section 6.
MODELLING THE CIRCUMSTELLAR DUST SHELL
To determine the relative contributions of alumina dust from the spectra of O-rich AGB stars in the LMC, radiative transfer modelling is required to calculate detailed spectra of circumstellar dust shells. In this paper we use the one-dimensional radiative transfer code modust (Bouwman et al. 2000 (Bouwman et al. , 2001 Kemper et al. 2001) to evaluate the emergent spectrum from a central star surrounded by a spherically-symmetric dust shell. modust solves the transfer equations for the basic free parameters such as stellar temperature, chemical composition, grain size distribution, etc. under the constraint of radiative equilibrium, using a Feautrier-type method (Feautrier 1964) . It also allows the user to implement multiple dust shells, each consisting of different dust components with an independent grain-size distribution function. In the following sub-sections we will describe the selection of the input parameters adopted in the modelling.
Model input

Photospheres
The models have been calculated using three different synthetic stellar photospheres for O-rich stars of solarmetallicity taken from Fluks et al. (1994) . The spectral types Ordal et al. (1988) of the central star used in the model grid are: M1 with an effective stellar temperature (T eff ) of 3715 K, M5 (T eff = 3396 K) and M9 (T eff = 2667 K). These were chosen to reproduce the range of values expected for O-AGB stars. As luminosity only acts as a scaling factor for the emission and does not affect the spectral shape (Ivezic & Elitzur 1997) , a typical luminosity for AGB stars of 7000 L was assumed, resulting in stellar radii (R ) for the central star of 202.3, 242.1 and 392.5 R (respectively).
Dust shell geometry
The dust is assumed to be distributed in a spherical shell with an r −2 density distribution, giving rise to a sphericallysymmetric, time-independent stellar wind with a constant outflow velocity. The lack of silicate absorption features in the spectra of O-rich AGB stars in the LMC sample and the relative weakness of the mid-IR flux compared to the flux at 1 µm (Sargent et al. 2010) indicates that these stars typically have optically-thin dust shells in the mid-IR, thus limiting the column density along the line of sight. In optically-thin dust shells the geometry of the circumstellar shell has little influence on the appearance of the spectral features, as all grains receive approximately the same amount of (near-IR) stellar photons, and absorption of scattered or emitted radiation is minimal due to the decreasing extinction efficiency of the oxygen-rich dust at longer wavelengths. However, the density profile of the dust shell determines the dust mass distribution over temperature, thus affecting the continuum emission levels and feature strengths. For optically-thick dust shells the geometry of the circumstellar dust would significantly influence the shape of the spectral features and would require a more complex treatment of the density distribution.
The inner radius of the dust shell (Rin) is determined assuming that the dust temperature at this radius is equal to the condensation temperature of the dust species, and that
with s ≈ 1 (Olofsson 2004) . For amorphous silicates the condensation temperature is T cond ∼ 1000 K (Gail & Sedlmayr 1999) , however alumina is expected to condense at higher temperatures T cond ∼ 1400 K. To be consistent with other modelling efforts (e.g. Heras & Hony 2005; Groenewegen 2006; Sargent et al. 2011; Srinivasan et al. 2011) we do not include multiple dust shells with separate dust components, each with its own temperature distribution. Instead, to account for this range in condensation temperature, and for dynamical effects such as pulsations, Rin is varied for a best fit. We calculate models for Rin = 2.5, 3, 5, 7.5 and 15 R . These are similar to the range of Rin values explored by the O-rich grams models , based on estimates for the condensation radius by Höfner (2007) . In some instances a given set of model parameters may result in dust temperatures at the inner regions of the shell that are in excess of the condensation temperature. We deem these models to be unphysical and eliminate them from our grid.
The outer radius (Rout) determines the duration of the mass loss and hence the total shell mass, and increases the amount of cold dust. In order to accurately determine the thickness of the shell, far-IR data is required. The dust temperatures at the outermost regions of the wind only contribute slightly to the mid-IR flux and hence cannot be constrained by our models. For instance, for the M9III model with Rin = 7.5 and a total mass-loss rate of 1 × 10 −6 M yr −1 , the 24-µm flux was only ∼ 4.8 per cent higher for Rout = 1000 Rin as compared to Rout = 200 Rin. Thus we used a fixed value of Rout = 200 Rin as a lower limit for the shell thickness, as this is computationally less expensive.
The outflow dynamics, and in particular the density and velocity of the wind, play an important role in the emergent spectra. Typical wind velocities derived from observations of Galactic AGB stars range from 10 to 20 kms −1 (Vassiliadis & Wood 1993; Bloecker 1995; Habing & Olofsson 2003) . In the lower-metallicity environments of the LMC and SMC it is expected that the wind speed in O-AGB stars is smaller compared to their Galactic counterparts (Marshall et al. 2004 ). We adopt a constant outflow velocity for the dust of vexp = 10 kms −1 for all the Magellanic Cloud object (Wood et al. 1992; van Loon et al. 2001) . For the assumptions adopted in the present paper, the mass-loss rate is linearly related to the actual individual expansion velocity viaṀ ∝ vexp/(10 km s −1 ). Total mass-loss rates are varied from 10 −10 to 10 −5 M yr −1 and the dust-to-gas ratio is taken to be Ψ = 0.005 which is typically used for O-AGB stars in the LMC (Groenewegen 2006; Sargent et al. 2011; Srinivasan et al. 2011 (Groenewegen et al. 2009 ). However, caution must be taken when comparing models with low dust-production rates (Ḋ) to observations, as it is very difficult to differentiate stellar photospheres from sources with very low-contrast dust features belowḊ ≈ 10 −11 M yr −1 , since the dust-emission contrast is proportional to the dust-production rate.
For all our models a distance of 49.97 kpc to the LMC is assumed (Pietrzyński et al. 2013 ).
Dust grain properties
The circumstellar envelopes of O-AGB stars are mineralogically complex. For stars with low mass-loss rates (Ṁ < 10 −7 M yr −1 ) simple metal oxides are the most abundant species (Cami 2002; Posch et al. 2002) ; at greater mass-loss rates silicates (in both amorphous and crystalline form) become the dominant dust component. Metallic iron grains are thought to also contribute to the infrared emission around oxygen-rich AGB stars Verhoelst et al. 2009; McDonald et al. 2010) , and iron may be incorporated in other dust grains, for example in amorphous silicates (Gail & Sedlmayr 1999) .
The chemical composition of amorphous silicate grains is not well known, and previous studies of oxygen-rich AGB stars have considered a wide range of dust compositions with varying success. In Figure 1 we compare five sets of 'astronomical silicates' and two dust compositions obtained from laboratory measurements to Spitzer IRS observations of Orich AGB stars in the LMC. The astronomical silicates we consider are the oxygen-deficient (Opoor) and oxygen-rich (Orich) silicates from Ossenkopf et al. (1992) , the 'warm' and 'cool' silicates from Suh (1999) , and the (Draine & Lee 1984 , hereafter DL84) astronomical silicates derived from ISM lines-of-sight. For the laboratory measured dust species we consider the amorphous olivine refractory indices from Jäger et al. (2003) and Dorschner et al. (1995) .
We find that the pure amorphous olivine from Dorschner et al. (1995) best reproduce the position and relative strengths of the 10 µm and 20 µm features in the infrared spectrum of O-rich AGB stars in the LMC. We assume that the stoichiometric composition of the amorphous silicate dust grains is not dependent on the mass-loss rate of the AGB star.
To increase the opacity in the near-IR region, we also include metallic iron, using laboratory data from Ordal et al. (1988) . We adopt a metallic iron abundance of 4 per cent by mass with respect to the amorphous silicates, following Kemper et al. (2002); de Vries et al. (2010) .
For the refractive indices of amorphous alumina dust, we use the optical constants for porous alumina grains measured by Begemann et al. (1997) , which are extended to shorter wavelengths (λ < 7.8 µm) by concatenation with optical constants from Koike et al. (1995) .
For all dust species modelled we adopt a standard Mathis-Rumpl-Nordsieck (MRN) grain size distribution (Mathis et al. 1977) , given by N (a) ∝ a −q , with q= 3.5, for a grain size range of a = 0.01 − 1µm. To calculate the absorption and scattering coefficients of the dust grains from the complex refractive indices measured in the lab, an assumption about the grain shape distribution needs to be made; we adopt a continuous distribution of ellipsoids (CDE) for the particle shape (Bohren & Huffman 1983 ). This is preferred over homogeneous spherical grains as regularly-shaped particles introduce resonance effects resulting in unrealistic feature shapes (Min et al. 2003) .
The alumina abundance was varied in increments of 5 per cent for 0-40 per cent, and increased in steps of 10 per cent for 40-100 per cent. Spectra with different alumina abundances are shown in Figure 2 ; there is a clear change in the shape and strength of the 10-µm feature as the alumina abundance is increased.
MODEL RESULTS
From our models we compute expected flux densities for the broad-band filters of 2MASS, Spitzer, WISE and AKARI by convolving the modust spectral output with the relative spectral response curves. The calculated fluxes are further converted into Vega magnitudes, which can be directly compared to catalogue values.
Colour-colour diagrams
In this section we show examples of the colour-colour space occupied by our grid of models and compare our synthesised photometry to observations of evolved stars. Since our models are created for dusty O-rich AGB stars we focus on mid-IR colours, where molecular and dust spectral features cause distinct photometric signatures and the central star's effective stellar temperature has little influence on the flux.
Mid-IR colour-colour diagrams (CCD) for the model grid are presented in Figures 3-5. For comparison, we also include LMC point sources from the SAGE-Spec survey, which were identified as O-rich AGB stars and RSGs using Spitzer IRS spectra and ancillary photometry Woods et al. 2011; Jones et al. 2012 ). These were crossidentified with the AKARI LMC point source catalogue (Ita et al. 2008; Kato et al. 2012 ) and the WISE all-sky catalogue (Wright et al. 2010) .
In general, our models are consistent with the range of observed colours for oxygen-rich stars in the colour-colour diagrams considered here, especially when the contributions from circumstellar dust becomes significant in describing the observed photometry. However, the resolution of the grid before dust production begins is limited to narrow columns in colour-colour space (Figure 4 ), corresponding to sets of models with low optical depths derived from the three input stellar photospheres. The sparse grid coverage for the dustfree sources reflects the compromise between the accuracy of the model fit and the required computational time, with emphasis placed on the fine sampling of model AGB stars with apparent dust excesses.
The Figure 3 , traces the photospheric temperature of the central star and continuum emission from the circumstellar dust shell. At these wavelengths O-rich dust has no distinguishable signatures, unless it contains a significant fraction of iron or has a strong 10-µm silicate feature, both of which affect the 8-µm flux. The IRAC colours are insufficient to distinguish between carbonrich AGB stars, oxygen-rich AGB stars and RSGs, as such there is a significant overlap between the carbon-rich dust sources and our oxygen-rich models. The largest discrepancy between our model grid and observations is for sources that lie in the largely-dustless region below [5.8]−[8.0] < 0.6 mag. These sources have little circumstellar excess, and may be better represented by photospheres with a larger range of stellar effective temperatures, metallicity and surface gravity. With the onset of mass-loss, the dust emission increases and the model colours provide better coverage of the observed data. For sources with a dust excess discrepancies between the models and observations may be accounted for by altering the metallic iron abundance, which influences the (Kastner et al. 2008; Boyer et al. 2012 ). Our models on the whole show a considerable overlap with the colours of the O-rich AGB stars from SAGE-Spec sample but are well separated from the region occupied by the C-rich AGB stars.
The left panel in Figure 4 shows a colour-colour diagram incorporating both near-and mid-IR data. This essentially compares the model photospheres via the J−Ks colour to the dust excess, traced by the WISE [4.6]−[12] colour. In the diagram the different stellar types are reasonably well separated (due to differences between the stars effective temperature), until the stars become heavily dust-enshrouded at [4.6]−[12] > 1.6. The observed RSGs, with bluer (J−Ks) colours, are generally traced by models with an M1 photosphere, while the O-AGB stars that have slightly redder J−Ks colours are represented by the cooler M5 and M9 photospheres. The models reproduce the range of observed colours quite well, except for sources which lie off to the left of the model grid. This discrepancy is most likely due to an enhanced scat- tering by dust in an asymmetric shell or due to pulsations which can significantly effect the near-IR flux of AGB stars (Whitelock et al. 2003) . For Mira variable stars pulsation amplitudes are typically in the region of 6-8 magnitudes in V and are usually less than 2.5 mag in K. RSG are typically less variable than AGB stars; this class of objects has a lower fraction of sources which diverge from the model grid, in this case scattering of light in an asymmetric dust shell may be important. therefore be used as a diagnostic to derive the fractional abundance of alumina (Alx). The sources in the SAGE-Spec sample occupy a region in colour-colour space corresponding to an alumina fraction of less than 50 per cent (we return to this in Section 4).
Comparison to the grams model grid
In a recent similar study, Sargent et al. (2010) and Srinivasan et al. (2011) developed the Grid of RSG and AGB ModelS (GRAMS) to reproduce the range of observed infrared colours of LMC red supergiant (RSG) and AGB stars, and to measure their luminosities and dust production rates. The GRAMS grid consists of models for oxygen-rich as well as carbonaceous chemistries; the O-rich models (Sargent et al. 2010 ) consist of oxygen-deficient silicate grains from Ossenkopf et al. (1992) , while the carbon-star dust ) is composed of a mixture of amorphous carbon and silicon carbide, the latter making up 10 percent of the mass. The authors used the 2Dust code (Ueta & Meixner 2003) to solve the radiative transfer problem for a dust shell of given inner and outer radius and optical depth around a central star that was represented by a model photosphere. They chose the range of input parameters (inner radii, optical depths) to cover the expected and observed values for LMC evolved stars.
We compare our model output to the O-rich grams Figure 8 . Distribution of the model grid silicate emission index. Each colour represents a dust shell inner radius explored by the grid for models with an M9 stellar photosphere. The even distribution between R in models suggests that the SE index is independent of the dust temperature. models in Figure 6 . Overall, there is good agreement between the sets of oxygen-rich models, particularly in the IRAC bands at shorter wavelengths (λ < 8µm). In the near-IR the grams grid agrees better with the bluer stellar sequences where stellar temperature has a greater influence on the colour. Although both sets of model grids cover a similar range in stellar effective temperatures, the 14 phoenix stellar photosphere models (Kučinskas et al. 2005 (Kučinskas et al. , 2006 used in the O-rich GRAMS grid has a finer effective temperature resolution. The metallicity of the photospheres are also different, however for dusty stars this has a minimal effect on the broadband photometry and colour. In the mid-IR our models span a wider range of colour space due in part to the inclusion of alumina and the choice of optical constants for the amorphous silicates. It should also be noted that two models that overlap in colour-colour space may not necessarily have the exactly the same input parameters.
SE index
The silicate emission (SE) index is a spectral classification system developed by Sloan & Price (1995 to measure the variation in the shape/strength of the emission feature at about 8-12 µm in optically thin oxygen-rich AGB stars. The observed spectra are divided into eight categories (SE 1-8) based on the ratios of narrow-band fluxes at 10, 11 and 12 µm (F10, F11 and F12). These classes are designed to reflect the progression from the broad oxygen-rich dust emission features with little structure (SE 1-3) to the classic narrow 9.7-µm silicate features (SE 7-8).
The change in spectral features represents the dust formation process along the AGB, which depends strongly oṅ M (Dijkstra et al. 2005) . We would therefore expect the SE index to reflect the mass-loss rate, the chemical composition of the dust grains (i.e. the relative abundances of silicates and amorphous alumina), and variations in the temperature of the dust shell (Ivezic & Elitzur 1995; Hron et al. 1997; Egan et al. 2001) .
To investigate the parameter space covered by each SE class we apply the spectral classification procedure of Sloan et al. (2003) to each optically thin model in our grid. To isolate the dust emission we subtract the appropriate stellar photosphere used in constructing the model. Each model's dust excess was quantified via the dust emission contrast (DEC), defined as the ratio of dust emission to stellar emission between 7.67 and 14.03 µm (Sloan et al. 2008) . In keeping with observations, and to prevent any overinterpretation of models with no significant dust excess, we do not ascribe an SE class to models with DEC 0.10. This corresponds to all models with a mass-loss rate belowṀ ∼ 3 × 10 −9 M yr −1 . Figure 7 shows the F10/F12 versus F10/F11 model flux ratios and the empirically derived silicate dust sequence power law: F10/F12 = 1.32(F10/F11) 1.77 (Sloan & Price 1995) , which forms the basis for the SE index classification. Our models reproduce each of the eight SE indices along the silicate dust sequence; SE classes one and eight contain the largest numbers of models, with the remainder equally distributed across SE indices 2-7. This due to sources falling outside the SE1-8 range being classified as either SE1 or SE8.
There is a slight deviation from the silicate dust sequence power law at SE8. Observationally, sources in the Milky Way tend to occupy a region to the right of the silicate dust sequence for SE8, while stars from low-metallicity Galactic globular clusters populate a region to the left of the sequence (Sloan et al. 2008 . At the other end of the SE sequence, we suspect the curvature arises due to the models in our grid with high mass-loss rates combined with a high fractional abundance of alumina (Alx).
The distribution of SE classes for our model grid is shown in Figure 8 . Segregating the models according to the inner radius of the dust shell has no significant effect upon the SE index distribution, which suggests that the SE index is independent of the dust temperature. This is not surprising as the SE index is calculated using flux ratios across the 10 µm feature of a given temperature, effectively eliminating the grain temperature parameter. Since we have isolated the dust emission, the SE index is also independent of the spectral type and the effective temperature of the central star. Figure 9 illustrates the range in mass-loss rate and alumina abundance covered by each SE class. Increasing the density of the shell leads to models moving upward and to the right along the SE sequence, however, changes in position are generally to small to move a model to a higher SE class. For models dominated by either pure alumina or silicates, the shell density may have a greater influence as it determines when the emission from the dust shell becomes significant compared to that of the stellar photosphere.
The composition of the dust has a more substantial effect on the SE index than the mass-loss rate. For a given mass-loss rate, a blend of alumina and silicates can reproduce the full silicate dust sequence. SE classes 1-3 are successfully reproduced by shells dominated by alumina dust (Alx 70 per cent), while classes SE 6-8 are populated by models dominated by amorphous silicates (Alx 50 per cent).
The distribution of the O-rich AGB stars in the LMC with silicate emission index is shown in Figure 10 . This suggests that the dust in the LMC is primarily silicate-rich, whilst alumina is largely absent, in agreement with the alumina dust abundances derived from AKARI photometric colours in Figure 5 . However, our spectroscopic sample only includes relatively bright AGB stars in the LMC, which have sufficient signal-to-noise in their IRS spectra to quantify the dust excess. Thus, the lack of sources with a low SE index could be due to an observational bias.
MEASURING THE ALUMINA FRACTION
To estimate the alumina content of AGB stars in the LMC, we apply our model grid to the sample of 54 O-rich AGB stars described by Jones et al. (2012) taken from the Spitzer SAGE-Spec sample of Kemper et al. (2010) and the archival IRS spectra in the LMC. As alumina has not been observed in optically-thick AGB envelopes, we excluded the sources where the 10-µm feature is in self absorption from our analysis. Also excluded are sources that essentially appear as stellar photospheres with no significant infrared excess due to dust emission, but have been classified as AGB stars due to molecular absorption features and photometric variability. From this we are left with 37 sources.
To model the AGB stars we have scaled the IRS spectrum to match the IRAC 5.8-and MIPS 24-µm fluxes to enable an accurate comparison to photometry. For each star we fitted the models to the observed broadband JHKs, IRAC and MIPS 24-µm photometric data and the flux measured over set wavelength intervals (line segments) from the spectra. This allows us to achieve a good fit to both the SED Figure 9 . The relationship between the alumina content and total mass-loss rate for the models in our grid with a dust excess, separated according to the silicate emission index. and the observed spectrum. The line segments have continuous wavelength coverage over the full Spitzer spectral range and each of the nine bands cover equal widths in logarithmic wavelength. This gives more weight to shorter wavelengths where the dust grains emit most of their flux and where the dust optical constants provide greater constraints to the observed emission feature profiles. An additional six narrow bands (0.38 µm wide) over the 8-13 µm interval provide detailed measurements of the 10-µm feature. These 15 bands measure the spectral flux and place a strong constraint on the individual dust species present in the IR-spectrum. This is essential, as fits based only on the photometric data points poorly constrain the relative strengths of the dust features.
Comparisons between the models and the data were made with an automated fitting routine and the best fit was selected based on a chi-square (χ 2 ν ) minimisation technique. The quality of the best-fit model was defined by:
where f obs i and fm i are the observed and model flux in the ith band with error bar σi, N is the total number of data points being fitted and p is the number of free parameters in the model. Uncertainties in the photometric data were modified to account for variability across a pulsation cycle (see Riebel et al. 2012; Jones et al. 2012) , and uncertainties in the spectroscopic data were inflated by a factor of five (see Groenewegen et al. 2009 ).
Our models are computed for a single luminosity, therefore they must be scaled to match the luminosity of the source in question before performing the χ 2 fitting. The luminosity (L) of the source can be computed from this scaling factor (η) via η = (L/7000 L ) (d/49.97 kpc) 2 , where the distance (d) is assumed to be 49.97 kpc for the LMC. As the luminosity is scaled, so too must the wind parameters be scaled appropriately. Following equation (2) of Groenewegen (2006) , the stellar radius and the mass-loss rate must scale by the factor √ η. The other model parameters and outputs are independent of this scaling.
Several models may provide a good fit to a source (defined arbitrarily by χ 2 − χ 2 min < 3). To gauge the range a parameter could vary for a given source, we calculate its median absolute deviation; this is more resilient to outliers than the standard deviation and thus provides a more robust estimator of the uncertainty. The SEDs and spectra for all the O-AGB stars in our sample (identified by the SAGESpec designation; SSID) along with best-fitting model for each source are shown in Figure 11 . To estimate a threshold value in the alumina abundance where its inclusion truly improves the fit, we also calculate the best-fit using models with a fixed oxygen-rich dust composition without an alumina component. We find that the adoption of amorphous alumina grains in the model significantly improves the fit when its abundance is greater than 15 per cent. The modelling results are summarised in Table 2 .
Eight stars in our spectroscopic sample have also been observed with AKARI at 3.2, 7, 11, 15 and 24 µm. This provides additional photometric coverage in the mid-infrared spectral region useful for distinguishing the dust composition. For these sources we also determine the best-fit model using only the photometric data from the Spitzer SAGE and AKARI LMC point source catalogues, to see how the model parameters (particularly the alumina abundance) are affected by the exclusion of the spectrum. The best-fit obtained using only the photometry is shown in Figure 12 and the results summarised in Table 3 .
All the O-AGB stars in our sample exhibit significant dust emission. Although the 10-µm feature is apparent in each spectrum, it exhibits a considerable variation in shape and there is a broad variety in the other spectral features between individual stars. At this stage, it is worth remembering that the model grid is intended to provide an initial estimate to the fitting parameters and that each best model fit can be optimised by fine-tuning the model values on an individual basis.
In general the fitting of the models to the spectra plus the spectral energy distribution (SED) is of a high quality for an automated routine and the model grid is very successful at reproducing the observed shape of the 10-µm feature. The model fits to the SED without the additional information from the spectra also reproduce the observations, however the constraints on the model parameters, in particularly the alumina abundance are less robust. We find that the combined SAGE and AKARI photometric data allows us to identify stars with a significant alumina component in the majority of sources, however for stars with a very low contrast 10-µm feature (e.g. SSID 4449) spectroscopic information is still required.
At longer wavelengths (λ > 16 µm) the models are less successful in reproducing the broad emission feature at 18 µm and the slope of the continuum in the observed spectra. This discrepancy is due in part to the choice of optical constants; in laboratory silicates the 18-µm emission feature peaks at too short a wavelength compared to observations and its strength is often too strong with respect to the observed 10-µm feature. Conversely, astronomical silicates provide a better fit to the 20-µm region, however, the shape is broader than observed and they over-predict the flux in the 10-µm region and cannot reproduce its shape and position. More complicated situations are not considered in the model such as: different spatial density distributions of the dust; deviations from spherical symmetry; or a steeper density profile, which may cause deviations between the model and the observations at longer wavelengths.
In some stars (for example, SSID 4329), there is a small discrepancy between the models and the spectra in the 4-8-µm wavelength region. The inclusion of iron grains is necessary to reproduce the general slope of the SED and explain excess emission in the spectra up to 8 µm, as laboratory silicates provide too little opacity in the near-IR (Kemper Figure 13 . Fits to the SEDs and IRS spectra of SSID 182, using metallic iron (blue) and without iron (red). This is the only source where the fit is not improved with an iron component. The bestfit model obtained from our grid with 4 per cent iron grains has a χ 2 of 27.0, while the best-fit without iron had a χ 2 of 11.6. et al. Verhoelst et al. 2009; McDonald et al. 2010 ). Other proposed sources of this excess continuum emission includes amorphous carbon (Demyk et al. 2000) or micronsized O-rich dust grains (Höfner 2008; Norris et al. 2012) . In these cases the metallic iron abundances may need to be increased in order to reproduce the observed profiles. In this study we use an iron abundance of 4 per cent with respect to the amorphous silicates, however Groenewegen et al. (2009) find a value of 5 per cent provides the best fit.
While the adoption of iron grains has generally worked well, in one instance (SSID 182) its inclusion proves detrimental to the fit. Figure 13 shows the best-fitting models to SSID 182. The total mass-loss rate for both models was ∼1.4×10 −7 M yr −1 , and the alumina mass fraction ∼ 15 per cent. The inclusion of metallic iron has a greater influence on the dust shell inner radius, which determines the temperature of the hottest dust.
In our modelling we only use three dust components: amorphous silicates, amorphous alumina and metallic iron; this grain mixture fits the observed spectra well. Other dust components that may be present but are not taken into account include crystalline silicates, gehlenite (Ca2Al2SiO7) and spinel (MgAl2O4). Three spectra (SSID 22, 182 and 419) have strong crystalline silicate complexes near 23, 28 and 33 µm, which will contribute some flux to the underlying continuum. A more detailed description of the crystalline silicate features in the present sample can be found in Jones et al. (2012) .
Previously, calcium-aluminium-rich silicates, such as gehlenite (Ca2Al2SiO7) have been detected in significant amounts (25-50 per cent) around O-rich evolved stars with low mass-loss rates (Mutschke et al. 1998; Speck et al. 2000; Heras & Hony 2005; Verhoelst et al. 2009 ). In these models gehlenite was included to fit the short-wavelength component of the 10-µm feature and to provide additional flux in the 19-µm region. We find that the 10-µm feature in our sample is fit reasonably well using a combination of Mg-rich Figure 11 . The observed Spitzer spectra of O-rich AGB stars (black) and the corresponding best-fit model (blue). The photometric points are shown as black diamonds, the flux from the spectral segments as red diamonds and the synthetic flux from the models are green circles. The least-square fit is performed by matching the green model points to the red/black data points. The black and blue lines are only shown for illustration purposes. For comparison the best-fit model without an alumina component is indicated by a dashed purple line. silicates and alumina; thus the contribution from other dust species can only be small. This discrepancy may be due to the choice of optical constants use for the amorphous silicates.
Two sources in our sample, IRAS 04544−6849 (SSID 4076-4081) and HV 2446 (SSID 4324-4329) , have been observed with the IRS at different epochs over one variability cycle. The SED for each source includes photometry from multiple epochs, while the spectra represent an instantaneous view of the star at a precise phase of the pulsation cycle. In both these stars the strength ratio of the 10-to 20-µm silicate emission features varies with pulsation phase (Figure 14) . This is due to changes in the dust temperature, which is directly related to the luminosity of the star (Monnier et al. 1998) . For both these sources the stellar and dust-shell parameters of our best-fit models are consistent across the pulsation cycle, as to some extent temporal variations are minimised. However, our models are sensitive to the change in dust optical properties, as the peak wavelength and width of the 10-µm feature in the spectra shows discernible variations between maximum and minimum light in the pulsation cycle; this indicates that the dust properties in the shell vary with pulsation phase. Furthermore, it will introduce some scattering in our model results when comparing between stars.
The brightest star in the sample, RS Men (SSID 4287), Figure 12 . The observed Spitzer spectra of O-rich AGB stars (black) and the corresponding best-fit model (blue). The SAGE photometry is shown as black diamonds, the AKARI data as red diamonds and the synthetic flux from the models are green circles. The least-square fit is performed by matching the green model points to the red/black photometric data points. The spectra is shown only for illustration purposes. Note: The best-fit obtained without a metallic iron component is indicated by an *. has a bolometric magnitude in excess of −10.78 if it was at the distance of the LMC, which is significantly above the luminosity expected for a bright RSG. This star has been identified as a foreground Mira variable with a distance of 4.75 kpc and radial velocity of 140 km s −1 (Buchanan et al. 2006; Whitelock et al. 1994) . Incidentally, this source also has the highest alumina fraction in our sample of 60 per cent.
SSID 6 along with SSID 4267 are not well described by our models and their fits are the least satisfactory. These spectra are unusual as they exhibit a strong 10-µm silicate feature but no 18-µm feature. One possible explanation is that the silicates have recently formed and the 18-µm feature has a low contrast ratio with respect to the 10-µm feature. Alternatively this may be explained by a lack of cooler dust, or the dust may be composed only of small 0.1 µm Mg-rich olivine and alumina grains (Gielen et al. 2011) .
DISCUSSION
Using the dust-shell models presented here, we are able to constrain both the mass-loss rate and the fractional abundance of alumina. Based on the best-fitting models the massloss rates range from ∼ 8×10 −8 to 5×10 −6 M yr −1 , and the alumina fraction ranges from 0 to 50 per cent. In Figure 15 we compare our derived mass-loss rates to those determined from SED fitting with the grams model in Riebel et al. (2012) and to values listed in Groenewegen et al. (2009) . The agreement is generally quite good between our massloss rates and the literature values, however, our mass-loss rates are slightly lower than the grams fits, predominantly due to the inclusion of metallic iron grains and alumina in our models.
To have a better understanding of the mass-loss rates and dust abundances derived by this fitting, some limitations of the models must be kept in mind. The photospheric models used are appropriate for solar metallicities, and may not be entirely representative of the molecular abundances typical of AGB stars in the Magellanic Clouds. This is more significant for stars with a very low contrast dust excess (MLR 5 × 10 −8 M yr −1 ), where there is a strong photospheric contribution and molecular absorption features due to CO, H2O, and SiO are prominent. Observing the CO emission lines in the submillimetre (due to rotational transitions) for a number of Magellanic Cloud sources would also be beneficial to constrain the mass-loss parameters. This would enable us to have a better understanding of the expansion velocity and gas-to-dust ratios in the envelopes of evolved stars. The fits to the sources may also be improved by including a finer grid spacing, for instance, the iron abundance could be incremented in one percent intervals (up to abundances of 10 per cent) to improve the fit to the stars in the near-IR region.
In our sample, the dust composition is best fit by amorphous silicates, with appreciable amounts of amorphous alumina and additional, small contributions from metallic iron. Alumina is detected in most sources, however, in all cases its fractional abundance is less than 50 per cent. The alumina fractions we have obtained are consistent with those estimated using other methods (see Sections 3.1 and 3.2). Figure 16 shows the fractional abundance of alumina plotted against the mass-loss rate. As noted by other authors (Heras & Hony 2005; Blommaert et al. 2006; Lebzelter et al. 2006) , there is a correlation between the dust composition and mass-loss rate; the lower the mass-loss rate the higher the percentage of alumina in the shell.
Stars in the early stages of the AGB phase, tend to be less luminous and have lower mass-loss rates than their more evolved counterparts. This makes reliable determination of the dust composition challenging, especially for spectra with a low signal-to-noise ratio or with a low contrast dust excess. AGB stars dominated by alumina dust tend to have massloss rates below 10 −7 M yr −1 (Blommaert et al. 2006 ). Indeed, the SEDs of a large fraction of Galactic Bulge sources in this mass-loss range can be fit solely with amorphous alu- mina. The oxygen-rich AGB stars in our LMC sample, which show a dust emission contrast, tend to be more luminous, with Minit of ∼5 M . Our sample is dominated by stars with mass-loss rates between 10 −7 and 5 ×10 −6 M yr −1 . These stars display dust components which are from the more advanced stages of the dust condensation sequence; indicated by the low percentage of alumina dust. It should therefore come as no surprise that silicates are the dominant dust type in the present sample. Metallicity effects on the dust-formation efficiency in oxygen-rich stars may also be important.
Future telescopes such as the JWST and SPICA will be able to obtain high-quality spectra of low mass-loss rate, low luminosity AGB stars in the Magellanic Clouds and other resolved stellar populations, eliminating the observational bias towards silicate-rich stars in the current sample. We expect these stars to contain a high percentage of aluminarich dust.
CONCLUSIONS
We have presented a grid of dust radiative transfer models which explores a range of alumina and silicate dust compositions and stellar and dust shell parameters. The models have been used to simultaneously fit the spectra and broadband SED of 37 oxygen-rich AGB stars in the LMC with optically-thin circumstellar envelopes. The mass-loss rates of our sample range from ∼ 8 × 10 −8 to 5 × 10 −6 M yr −1 . We find that a combination of amorphous silicates, amorphous alumina and metallic iron provides a good fit to the spectra. All our sources we found to be silicate-rich, though alumina and iron is often present in significant amounts. This dust composition is consistent with the thermodynamic dust con- 
